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The growth mode, magnetic and magneto-optical properties of epitaxial Au/Co/Au(111) ultrathin
trilayers grown by pulsed-laser deposition (PLD) under ultra-high vacuum are presented. Sapphire
wafers buffered with a single-crystalline Mo(110) bilayer were used as substrates. Owing to PLD-
induced interfacial intermixing at the lower Co/Au(111) interface, a layer-by-layer growth mode is
promoted. Surprisingly, despite this intermixing, ferromagnetic behavior is found at room temper-
ature for coverings starting at 1 atomic layer (AL). The films display perpendicular magnetization
with anisotropy constants reduced by 50% compared to TD-grown or electrodeposited films, and
with a coercivity more than one order of magnitude lower (. 5 mT). The magneto-optical (MO) re-
sponse in the low Co thickness range is dominated by Au/Co interface contributions. For thicknesses
starting at 3 AL Co, the MO response has a linear dependence with the Co thickness, indicative of
a continuous-film-like MO behavior.
PACS numbers:
I. INTRODUCTION
Owing to its ability to essentially preserve the stoi-
chiometry of targets during evaporation, Pulsed-Laser
Deposition (PLD) is often used for the growth of ma-
terials with a complex composition, particularly ox-
ides such as high-Tc superconductors, ferroelectrics and
manganites1. When performed under ultra-high vacuum
conditions PLD is also suitable for the epitaxy of metals2,
although it is seldom used for that purpose. There are
two main differences between PLD and Thermal Depo-
sition (TD) concerning the epitaxy of metals. The first
difference is the possibility to force layer-by-layer growth
in some cases3, which is a positive aspect. This fact
arises from the several orders of magnitude higher in-
stantaneous deposition rate during the laser pulse dura-
tion and from the increased kinetic energy of the ejected
species (up to several eV) as compared with TD4. The
second aspect is to potentially induce some intermixing
at interfaces5, which may be a drawback to reach cer-
tain physical properties depending on the smoothness of
interfaces. Evidence of an increased tendency of inter-
mixing at interfaces in structures grown by PLD versus
TD has been given previously by X-ray diffraction5, and
it is generally thought to result from the energy car-
ried by the atoms or ions evaporated from the target
and heated upon further interaction with the laser in the
plume4. Here we report on the growth by PLD and the
resulting magnetic and magneto-optical (MO) properties
of epitaxial Au/Co/Au trilayers, motivated by the ob-
served perpendicular magnetic anisotropy in TD grown6
or electrodeposition(ED)7 Co/Au(111) films capped with
various materials.
In this work the Au surface used as substrate is a thin
(111) film deposited on a buffer layer of refractory metal
[Mo(110)] epitaxially grown on Sapphire (1120). For this
particular set and order of elements (i.e., Co deposited on
Au) we evidence by scanning tunneling microscopy some
intermixing at the Au/Co interface, inducing a layer-by-
layer growth for Co as compared to a two-atomic-layer-
high-island growth for TD. Interestingly, despite the in-
termixing ferromagnetic behavior is found at room tem-
perature for coverings starting at 1 atomic layer (AL).
An easy axis of magnetization is found perpendicular to
the plane for Co coverings between 1 and 5 AL, with
magnetic anisotropy constants similar to their TD or ED
counterparts, however with a much lower coercivity. The
spectroscopic magneto-optical activity of the films has
also been measured and modeled.
II. EXPERIMENTAL
The samples were grown by pulsed laser deposition
(PLD) under ultrahigh vacuum (UHV) inside a three-
chamber setup8. The first chamber is devoted to prepa-
ration and analysis. It is equipped with a heater for
sample degassing up to 800 ◦C, a sputtering gun and an
Auger electron analyzer. The base pressure is 2× 10−10
Torr. The second chamber is the deposition chamber.
It is equipped with a 10 keV reflection high-energy elec-
tron diffraction (RHEED) setup, a quartz microbalance,
and a sample heating similar to that of the first cham-
ber. The base pressure is 2 − 3 × 10−11 Torr and in
the 10−10 Torr range during laser deposition. A third
chamber is dedicated to Scanning Tunneling Microscopy
(STM) with a room temperature (RT) Omicron-1 setup
(base pressure 5 × 10−11 Torr). A Nd-YAG laser with a
10 ns pulse duration and a 10Hz frequency was used. The
targets are first mechanically polished ex situ and then
surface-cleaned in situ through laser ablation until no
gas contaminant is found on the target, as controlled by
2Auger spectroscopy. The targets are cleaned at the same
fluence as that used during the growth (about 1 J/cm2).
This sequence is chosen for each element just above the
evaporation threshold, so as both to avoid the formation
of droplets9 and to minimize the energy carried by evap-
orated individual atoms or ions4. Under these conditions
the typical growth rate on the sample is 1A˚/s. More
details can be found in Ref.8.
Hysteresis loops were carried out by means of a Super-
conducting Quantum Interference Device (SQUID) mag-
netometer at low and RT. The magneto-optical (MO)
polar response of the samples was studied experimen-
tally in the spectral range from 1.4 to 4.3 eV, using a
spectrometer described elsewhere10.
III. AU(111) SURFACE PREPARATION
We used commercial sapphire(1120) wafers with a mis-
cut angle smaller than 0.1 ◦. A 10 nm-thick buffer layer
of Mo(110) was first deposited following an optimized
procedure8,11. Its surface is single-crystalline and dis-
plays ≈ 200 nm-wide terraces separated by monoatomic
steps. The steps separation and orientation are deter-
mined by the miscut of Sapphire, which is uniform on
a two-inch wafer, however varies from one wafer to an-
other. This residual miscut, on the average smaller than
that typically found on metal single-crystals, does not
influence the growth mode and thus presumably neither
the magnetic properties.
Next a 5 nm-thick Au film was deposited at RT on
top of the Mo buffer layer. The Au surface was then
sputtered with 1 kV Ar+ ions to remove a few AL, then
annealed at 550 ◦C during 30 minutes. The resulting Au
surface was studied by STM. It is atomically-flat with the
usual 22×
√
3 reconstruction of Au12,13,14. However the
presence of micro-grain-boundaries and dislocation loops
prevent the occurrence of a perfect long range herring-
bone superstructure as for Au single crystals (FIG. 1),
its appearance being limited to restricted areas as shown
in the zoom to FIG. 1.
IV. CO GROWTH ON AU(111)
FIG. 2 shows STM pictures of various amounts of Co
deposited at RT on the Au surfaces described above. In
the sub-atomic-layer range Co growth proceeds through
the more-or-less random nucleation of 1 AL-high islands.
The distribution of island lateral size is quickly bimodal
(FIG. 2 b-c) owing to the combination of homogeneous
nucleation by adatom aggregation and heterogeneous nu-
cleation on the Au(111) defects15,16. The growth in this
sub-atomic-layer range dramatically differs from the case
of TD, for which the islands are 2 AL-high and nucle-
ate almost solely at the elbows of the Au herringbone
reconstruction17, with a random 0.02 nm corrugation on
the top of the islands owing to the large mismatch be-
FIG. 1: (Color online) 375x375 nm STM image of Au(111)
grown on Mo(110) (sample voltage 1V, current 0.25 nA). The
gray scale has been adjusted between zero and the maximum
height Zmax=1.5 A˚. A zoom of a selected area is show in the
lower part, displaying the Au(111) herringbone reconstruction
with Zmax=0.54 A˚.
tween Co and Au18,19. Here, stripe-like areas of two dif-
ferent heights are observed on the top of the 1 AL-high
Co islands, as the zoom of a selected area in FIG. 2 (b)
shows (note that the vertical scale in this 25x25nm area
has been optimized to better display the top part of the
islands). This feature points to some degree of intermix-
ing between Co and Au as previously observed in PLD
deposited systems5. As above mentioned, the interfacial
intermixing in PLD is a result of the energy carried by
the atoms or ions evaporated from the target and heated
upon further interaction with the laser in the plume4,5.
Although we set the laser fluence just above the evapo-
ration threshold, tails in the energy distribution or hot
spots in the laser beam may create a small fraction of
atoms or ions carrying a few eV or more. Notice that in-
terfacial intermixing is not a systematic feature of PLD,
as we did not observe such inhomogeneities in other sys-
tems, e.g. Fe20 or Co deposited on W or Mo(110). The
higher bonding energy of the latter with respect to Au
may prevent the intermixing. The growth mode of fur-
ther Co layers proceeds close to a layer-by-layer fashion,
with a morphology and inter-island distances at 4 AL
3FIG. 2: (Color online) 100x100 nm STM images of PLD-
grown Co/Au(111) films at various coverages, expressed in
atomic layers (AL). After random nucleation at the first stages
of growth (a), a bimodal distribution of islands with stripe-like
corrugation is observed for submonoatomic coverings (b)-(c).
The 25x25 nm zoom in (b) shows a stripe-like corrugation on
the islands (note that the vertical scale was optimized in this
case to better show the top of the islands. White arrows point
at some of the lower areas on the islands). The growth of fur-
ther layers proceeds close to a layer-by-layer fashion (d)-(f).
The gray scale has been properly adjusted in each case be-
tween zero and the maximum height Zmax, with Zmax = 4.2,
5.3, 5.3, 5.5, 5.4 and 6.1 A˚ for images (a), (b), (c), (d), (e)
and (f) respectively. Zmax is 1.4 A˚ for the inset to (b).
of approximately 20 nm, very similar to those obtained
with TD21. Thus the topography of PLD-grown films a
few AL thick is similar to their TD-grown counterparts,
except for some intermixing at the bottom interface.
V. MAGNETIC ANISOTROPY AND
HYSTERESIS
Magnetization characterization was performed on sam-
ples similar to those presented above, however imme-
diately capped with a 2 nm thick Au layer in situ for
protection against contamination (i.e., with no STM in-
vestigation). The magnetization reversal of 1, 3 and 5
AL-thick Co samples was studied by means of SQUID
magnetometry, under successively in-plane and perpen-
dicular magnetic fields, at low (FIG. 3) and RT (FIG. 4).
Surprisingly, ferromagnetic behavior is found in all the
PLD films at RT for Co coverings starting at 1 AL grown.
This is an striking result since TD films of nominal thick-
ness 1.5 AL and below are not ferromagnetic at RT6.
The lower ferromagnetic critical thickness found in our
PLD films stems from the different growth mode ob-
served between both techniques. As above mentioned,
for TD films Co nucleates in the form of isolated 2 AL-
thick islands in relation to the herringbone reconstruction
of Au(111)12,14, forming crystallites of ultimately 6-10
nm in diameter22, which remain superparamagnetic until
percolation occurs around 1.6 ML23. On the other hand,
in our case PLD leads to 1 AL-high Co islands at the
early stages of growth, with larger lateral extends as com-
pared to TD films (irregularly shaped islands up to 25 nm
long are found at coverings around 0.72 AL as shown in
FIG. 2 (c)), with percolation starting at submonoatomic
coverings, and thus favoring the observed ferromagnetic
behavior. The accuracy of saturation magnetization Ms
measurements using SQUID on magnetic thin films is
subject to several factors, including error on the estima-
tion of the volume of the magnetic films and background
diamagnetic signals that must be subtracted. After cor-
rection of the measured data, saturation magnetization
values close to the bulk value (Ms = 1.446 × 106A/m)
were found for the 3 and 5 AL-thick Co films, whereas
a reduction around 30% was found for the 1 AL-thick
film owing to the above mentioned interdiffusion of Co
and Au, being this effect specially important in the low
thickness regime.
Interestingly, the 100% remanence along the direction
perpendicular to the plane and the almost closed loops
in-the-plane demonstrate a full perpendicular anisotropy
for all the coverings and measurement temperatures, as
shown in FIG. 3 and FIG. 4. We analyze the magnetic
anisotropy energy (MAE) at low temperature to access
the values in the fundamental state. The density of MAE
was computed from the hysteresis loops along the per-
pendicular direction as K = µ0
∫
Ms
0
HdM . The result-
ing values are summarized in TABLE I. The MAE in-
creases at low thickness, consistently with the picture
of a dominant contribution of interface and/or magneto-
elastic terms24,25.
Concerning the easy axis of magnetization, the coer-
civity depends only weakly on the thickness. It decreases
from around 30-40mT at low temperature to typically
3-5mT at RT. This sharp decrease with temperature is
4TABLE I: Directly-measured total density of magnetic
anisotropy energy at 10 K (in MJ/m3) for Au/Co/Au films
fabricated by PLD.
1AL 3AL 5AL
0.91 0.65 0.32
common for ultrathin films because the activation vol-
umes involved in nucleation or activation processes un-
derlying magnetization reversal26 are small as they scale
with the thickness of the film27,28. Thermal activation
is therefore much enhanced compared to bulk materi-
als. Previously Au/Co/Au films had been extensively
prepared using TD6 and more recently with ED7. Both
exhibit perpendicular anisotropy up to about ten AL of
Co. Their total MAE has been measured mostly for films
5 AL and thicker. For 5 AL figures in the range 0.7-
0.8MJ/m3 have been given6,7. This is roughly double
the MAE of 5 AL-PLD-grown films (TABLE I). This re-
duced value for our films may result from the intermixing
at their lower interface. Comparison at lower thicknesses
based on extrapolation using published values of volume
and surface energies may be hazardous and thus is not
discussed here, although a similar reduction would be
expected. The case of coercivity is more striking. The
coercivity at RT of 3-5 AL TD or ED films are typi-
cally in the range 35-80 mT depending on the prepa-
ration conditions27,29,30. This is more than one order of
magnitude higher than for our PLD films, an effect which
obviously cannot be ascribed solely to the 50% decreased
MAE. Instead we ascribe this to the difference of growth
modes, as it was done for the early onset of ferromagnetic
behavior. In TD and ED the growth initially proceeds by
the formation of 2 AL-high islands. This induces a signif-
icant roughness that may be responsible for the high co-
ercivity, whereas the initial AL-growth with PLD yields
smoother films, topographically and obviously magneti-
cally. This allows the occurrence of ferromagnetism how-
ever still associated with a high coercivity as the domain
wall propagation is hindered between islands. Already at
1 AL PLD films combine both ferromagnetism and a low
coercivity owing to the initial growth mode in 1 AL-high
islands.
Let us summarize the discussion of the relationship
between the growth-modes-related microstructure and
magnetic properties. Owing to the intermixing-induced
initial growth mode as 1 AL-islands, PLD films compared
to TD or ED films have ferromagnetic ordering already
at 1 AL, a MAE reduced by ≈ 50% and a coercivity more
than one order of magnitude lower.
VI. MAGNETO-OPTICAL (MO) ACTIVITY
The magneto-optical (MO) properties of Au/Co/Au
trilayers and Au/Co multilayers grown by TD as a
function of the Co thickness have been extensively
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FIG. 5: (Color online) (a) Experimental and (b) simulated
polar Kerr ellipticity spectra for the systems with Co films
ranging from 1 and 5AL.
studied31,32,33,34,35,36. Vi˘sn˘ovsky´ et al.31,32,33 showed
that the MO response of these systems in the thin film
limit is given by the sum of one independent plus one
linearly dependent term on the Co film thickness. They
ascribed the independent term to different Au/Co inter-
face effects, such as Au-Co mismatch driven stress, lat-
tice defects, Au-Co electronic orbital hybridization and
intermixing at the interface31. More recently, Hamrle et
al.34 studied specifically the contribution of Co/Au in-
terfaces to the MO response of Au/Co/Au trilayers, and
concluded that the most important part of the interface
contribution arises from intrinsic properties of the inter-
face itself, i.e., from the Au-Co electronic hybridization.
Nevertheless, no studies about the MO response of simi-
lar PLD grown structures have been reported so far.
Here, the MO characterization was performed on the
samples presented in Section V, with graded Co thick-
nesses from 1 to 5 AL. Polar Kerr ellipticity spectra were
measured in the spectral range from 1.4 to 4.3 eV. In this
configuration, normal incident light is used, being the
polarization change of the reflected light (rotation and
ellipticity) measured with magnetic field applied perpen-
dicular to the surface. As shown in FIG. 5 (a), almost
zero ellipticity is obtained for 1 AL, whereas a progres-
sive increase is observed as the Co thickness increases
over the entire spectral range, in accordance with previ-
ous reports on TD-grown systems33,34. In addition, the
characteristic peak arising from the Au plasma edge is
found in all the cases around 2.5 eV31,32,33,35.
In order to model the evolution and shape of the el-
lipticity spectra, simulations were performed using the
transfer matrix formalism37. As shown in FIG. 5 (a), a
strong effect on the ellipticity spectra due to the Au/Co
interfaces is observed for the trilayers with 1 and 2 AL
thick Co films, exhibiting values smaller than expected
for such Co thickness considering bulk MO constants38,
in agreement with previous reports31. In principal, the
MO response of both Au/Co interfaces in the trilayers
can be described by the measured MO response of the
trilayer with a 2 AL thick Co film, since, as above men-
tioned, the MO response can be ascribed to short range
Au-Co hybridization effects involving only the atomic
layers closer to the interface, and in this case also some
short range degree of intermixing as observed with STM.
Thus, under the ultra thin film approach33, the elliptic-
ity of the trilayers with 3, 4 and 5 AL layers thick Co
films can be simulated by adding the ellipticity of 1, 2
and 3 Co thick continuous films respectively, addressing
the inner part of the Co film unaffected by the interface,
and the ellipticity of the trilayer with a 2 AL thick Co
film, addressing the interface effects. The optical con-
stants for Mo, Co and Au were obtained from Ref.39
whereas bulk MO constants for Co were used38. In fact,
as shown in FIG. 5 (b), simulations yield a good agree-
ment with the measured spectra in intensity and shape
for the simulated 3, 4 and 5 AL Co coverages. These re-
sults confirm that the MO response in the low Co thick-
ness range is dominated by Au/Co interface effects, the
ellipticity showing a linear response with the Co thick-
ness for thicknesses starting at 3 AL Co, indicative of a
continuous-film-like MO behavior in accordance with TD
grown systems31,33,34,35.
VII. CONCLUSION
We fabricated epitaxial Co ultrathin films by pulsed-
laser deposition on sapphire wafers buffered with a
Au/Mo layer. Unlike TD-grown films which require 1.6
AL to become ferromagnetic, ferromagnetic behavior is
found at room temperature for coverings starting at 1
AL. The films display perpendicular magnetization with
magnetic anisotropy energy reduced by ≈ 50% compared
to TD-grown or electrodeposited films, and an unprece-
dented low coercivity of ≈ 5mT. We ascribed these dif-
ferences to some degree of intermixing at the lower in-
terface upon PLD. This reduces surface anisotropy, how-
ever promotes a layer-by-layer growth and thus yields
a topographically and magnetically smoother film. The
magneto-optical response in the low Co thickness range is
dominated by Au/Co interface contributions. For thick-
nesses starting at 3 AL Co, the MO response has a lin-
ear dependence with the Co thickness, indicative of a
continuous-film-like MO behavior.
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